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Summary We present results of measurements of aerosol physical properties conducted on
board of r/v Oceania during two cruises to the Spitsbergen region in 2014 (AREX 2014) and 2015
(AREX 2015). Measurements of aerosol size distribution, aerosol scattering coefficient and black
carbon concentrations were made in two different Spitsbergen fjords: Hornsund and Kongsfjor-
den. The aerosol size distribution was measured in the size range from 0.09 mm to 47 mm using
two aerosol size distribution spectrometers and a standard condensation particle counter. For the
scattering coefficient an integrating nephelometer was used. Black carbon concentration was
measured by an aethalometer. Temporal variabilities in physical properties of aerosol observed
during the AREX 2014 and AREX 2015 campaigns were much higher than the differences between
both fjords. The basic factors influencing aerosol conditions were advection and local generation
of marine aerosol. In 2015 an episode of smoke advection was observed in both fjords causing an
increase in the mean black carbon concentration from 7—12 ng m�3 to about 60 ng m�3, and an
aerosol scattering coefficient at 550 nm from 2—4 Mm�1 to 12—17 Mm�1. Moreover, under certain
conditions statistically significant gradients in aerosol optical properties were observed along the
fjord axis reflecting an impact of mountains surrounding the fjords.
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1. Introduction

The study of atmospheric aerosols in the marine boundary
layer is significant for a variety of climatic issues. Among
others, aerosol particles take part in heat, moisture and
mass exchange processes. Without understanding the
mechanics of aerosol emission and transport it is practically
impossible to properly model regional and global weather
or climate. Study of aerosol properties in Polar Regions is of
particular importance for two reasons, firstly because of
very low anthropogenic perturbations there, and secondly
because of the strong effect climate changes have on the
Arctic. Recent years have seen several measurement cam-
paigns concentrated on aerosol physical properties and
transport (Lisok et al., 2016; McFarquhar et al., 2011; Ritter
et al., 2016; Tunved et al., 2013). However, only few
experiments addressed the differences in aerosol proper-
ties between different stations/fjords in the Spitsbergen
region.

The study of polar aerosols is always a big challenge, not
only because of the isolation of the researched region, but
also because of the variety of phenomena occurring in this
area. The presence of “Arctic Haze”, partially explained by
several authors (Quinn et al., 2007; Sharma et al., 2006;
Shaw, 1995), and advections of continental air masses con-
taining smoke from forest fires which contributes to
enhanced soot concentrations in the Arctic area (Damoah
et al., 2004; Stohl et al., 2006) belong to them. Apart from
smoke, Asian dust transport has also been observed, mainly in
spring (Stone et al., 2010). A comprehensive analysis of
atmospheric composition in polar regions was presented by
Tomasi et al. (2015). This paper comprises up-to-date knowl-
edge about remote sensing measurements in both Arctic and
Antarctic areas.

The challenge of identifying the source regions of Arctic
aerosol was taken up by several authors. Large events such as
boreal forest fires in Alaska and Canada during the summer of
2004 and its influence on aerosol optical parameters have
been studied among others by Stohl et al. (2006). Myhre
et al. (2007) and Treffeisen et al. (2007) dealt with another
event of pollution and a special meteorological situation in
the European Arctic which occurred in 2006. A thorough
analysis of the relations between aerosol composition and
aerosol optical properties with air masses was presented by
Stock et al. (2014). They presented that aerosol optical
depth in Ny-Alesund did not depend on the North Atlantic
Oscillation.

The comparison of the aerosol optical thickness and the
Ångström exponent between northern Norway and Hornsund
was presented by Chen et al. (2013). Based on data from
AERONET (Aerosol Robotic Network) they found that the four-
year annual mean values for the aerosol optical thickness at
500 nm t(500) at Andenes and Hornsund were equal to
0.10. Based on analysis of changes in the Ångström exponent
(AE) the study concludes that fine-mode particles dominated
at both sites. Furthermore, both sites had similar seasonal
variations of the aerosol size distribution despite one site
being located in the Arctic while the other in a sub-arctic
area.

Comprehensive analyses of the optical properties in
Hornsund are provided by Rozwadowska et al. (2010) and
Rozwadowska and Sobolewski (2010). The authors found that
in spring, the changes in AOT values over the station were
strongly influenced by long-range advection, mainly from
Europe and Asia. The phenomenon of AOT variability in
summer was explained by the local direction and speed of
advection (1-day trajectories). The impact of distant sources
on AOTwas strongly modified by cleansing processes en route
to Hornsund. However, the highest AOTcases in summer were
also associated with long-range transport from Europe, Asia
and North America.

Lisok et al. (2016) and Ritter et al. (2016) presented
results of measurement of aerosol physical and chemical
properties during the iAREA2014 campaign that took place
on Svalbard in three stations (Ny—Ålesund, Longyearbyen and
Hornsund). The authors' aim was to investigate in situ passive
and active remote sensing observations as well as numerical
simulations to describe the temporal variability of aerosol
single-scattering properties during the spring season on Spits-
bergen.

This study presents results of aerosol properties' measure-
ments performed during two Arctic campaigns on board of r/v
Oceania, AREX (ARctic EXperiment), conducted in 2014 and
2015. The AREX campaign is an annual three-month cruise to
the Northern Atlantic, the Nordic Seas and fjords of Spitsber-
gen. This paper compares aerosol physical properties in
Hornsund and Kongsfjorden during the 2014 and 2015 cam-
paigns and relates the differences in these properties to
variations in air mass advections and meteorological condi-
tions. The issue of spatial variability of aerosol optical prop-
erties in the fjords is also addressed.

2. Area of study

The measurements were carried out in order to investigate
variability of aerosol physical properties in two different
fjords of Spitsbergen: Hornsund and Kongsfjorden. Hornsund
is located in the south of the Spitsbergen area. Kongsfjorden
is situated in the northern part of the island (Fig. 1).

The fjords differ from each other with respect to their
hydrographic conditions. The Hornsund fjord is cooler than
Kongsfjorden because of limited inflow of warm waters from
the West Spitsbergen Current (WSC). The mouth of Hornsund
is much more often occupied by much lighter and fresher
water from of shelf Sorkapp Current which flows from the
Barents Sea. The topographical structure of Kongsfjorden, on
the other hand, allows for larger injections of warm water
from the WSC due to the wide trough of the fjord. Moreover,
the shelf current is not influential in this area. A more
detailed description of current structures in this area is
presented by Walczowski (2013). Differences in locations
and hydrographic conditions of the fjords are reflected in
differences in local meteorological conditions in the fjords
which are discussed with Cisek (personal communication). In
both fjords the wind direction is determined mainly by local
orography and a horizontal gradient of air temperature, thus
in each fjord the dominant wind direction is determined by
the axis of the fjord (Svendsen et al., 2002). Moreover,
Hornsund has higher wind speeds, humidity and cloud cover
than Kongsfjorden. The air temperature, however, is higher
in Hornsund only in winter. In summer, the air temperature
over Kongsfjorden is higher.



Figure 1 Location of Hornsund and Kongsfjorden and fjords' subregions where the measurements were performed during the AREX
campaigns in 2014 and 2015. Numbers represent the fjord subregions: 1 — innermost part of the fjord, 2 — central part, 3 — fjord mouth
and the sea outside the fjord.
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3. Methods

3.1. Measurements

Measurements of aerosol size distribution, aerosol scattering
coefficient and black carbon (BC) concentration were per-
formed during the AREX 2014 and 2015 cruises. In 2014, the
measurements in Hornsund were carried out from 25 July (the
206th day of the year) to 1 August (213). In Kongsfjorden, the
measurement period lasted from 5 August (217) to 10 August
(222). In 2015, the measurements took place in similar
periods: from 26 July (207) to 1 August (213) in Hornsund
and from 3 August (215) to 9 August (221) in Kongsfjorden.

Aerosol size distribution was assessed by the CSASP-100-
HV aerosol spectrometer (manufactured by Particle Measur-
ing System) and a TSI laser aerosol spectrometer 3340 (LAS).
The CSASP counts aerosol particles in a diameter range from
0.5 mm to 47 mm in 36 channels. The device was successfully
used and described well in several earlier papers (e.g.
Petelski et al., 2014; Petelski, 2005; Savelyev et al.,
2014; Zieliński, 2004). The LAS counts aerosol particles from
diameter size of 0.09 mm up to 7.5 mm in 99 channels. Both
instruments use a He—Ne Laser beam. However, thanks to a
more sophisticated optical system, the LAS ensures a wider
measurement range (Hämeri et al., 2010). In order to com-
pare and check the results from the LAS, a TSI Condensation
Particle Counter (CPC) was also used (TSI 3771). The CPC
estimates the total aerosol concentration in a diameter
range from 0.01 mm to 4.5 mm. However, an analysis of
the CPC's measurements is beyond the scope of the present
paper.
Equivalent black carbon concentration was measured by a
Magee Scientific Company AE-31 aethalometer (e.g. Arnott
et al., 2005; Hansen et al., 1984). Equivalent black carbon
concentration is the black carbon concentration which–
—accumulated on a filter — would give the same light attenua-
tion as the actual aerosol accumulated there. However,
except for strong mineral dust advections, black carbon is
the main aerosol absorber of light. The AE-31 operates in
7 spectral channels: 370, 470, 520, 590, 660, 880 and 950 nm.
We used the 520 nm channel for our research. The aerosol
accumulation time was set to 1 h and the flow to 65 cm3 s�1

(3.9 l min�1). Such a long accumulation time was necessary
due to the very small aerosol load in the Arctic. The BC
concentration is based on measurements of light attenuation
by aerosol accumulated on a quartz filter. However, this
method is prone to errors due to loading effect. The mea-
surements require correction for this effect when the
attenuation of the aerosol accumulated on the filter exceeds
10 (Schmid et al., 2006). During the AREX experiments the
filters were changed frequently and the attenuation rarely
reached this threshold value. The correction based on Virk-
kula et al. (2005) was applied in those cases.

Aerosol scattering properties were measured by the TSI
nephelometer 3563 (Anderson et al., 1996). The instrument
operates on 3 wavelengths: 450, 550 and 700 nm. The mea-
sured scattering coefficients were corrected for the effects
of non-Lambertian illumination and truncation of scattering
in near-forward and near-backward angles using the Ander-
son and Ogren (1998) method. The scattering coefficients for
this research have been averaged to 1 h resolution to match
the BC concentration measurements. Detailed descriptions
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of the nephelometer and aethalometer are given by Lisok
et al. (2016).

During the cruise, all particle counters were situated on a
special measurement platform mounted on the fore-mast,
8 m above sea level. The common inlet of the aethalometer
and nephelometer was located near the fore-mast, 1 m
below the measurement platform.

Meteorological observations from the WMO stations at Ny-
Alesund (01007) and Hornsund (01003) were also used in this
study for the fjord measurement periods. The meteorological
data is available at www.rp5.kz. The standards of WMO
meteorological stations are presented by Jarraud (2008).
Figure 2 Back-trajectories of air masses arriving at 500 m above H
ments in the fjords. The trajectories were computed for 12 UTC on a 

references to color in this figure legend, the reader is referred to t
3.2. Backward trajectories

Six-day backward trajectories (144 h) of the air masses
advecting towards the fjords were computed by the NOAA
HYSPLIT model (Hybrid Single—Particle Lagrangian Inte-
grated Trajectory Model, Draxler and Hess, 1998) using the
GDAS meteorological dataset (Rolph, 2016; Stein et al.,
2015). The trajectories were computed for air mass arrival
times of 0 and 12 UTC and arrival heights of 500, 1500 and
3000 m. However, only the 500 m trajectories were used in
this study.
ornsund (left) and Kongsfjorden (right) during aerosol measure-
day indicated by the trajectory colour. (For interpretation of the
he web version of this article.)

http://www.rp5.kz/
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3.3. Definitions of physical quantities used in
this work

The basic aerosol size distribution parameters used in this
paper are: zero moment M0 (mean aerosol concentration),
first moment M1, mean particle diameter Dp and effective
radius re. These parameters are defined as follows:

M0 ¼
Xk
i¼1

Ni; (1)

M1 ¼
Xk
i¼1

NiDpi ; (2)

Dp ¼ M1M�1
0 ; (3)

re ¼
Xk
i

r3i Ni

  ! Xk
i

r2i Ni

  !�1

; (4)

where Ni is the aerosol concentration in the interval (instru-
ment channel) i with the diameter Dpi and the ri = Dpi*0.5
which is the particle radius.
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Figure 3 Meteorological conditions at the Hornsund (Hornsund fjor
(v), wind direction (dir) and relative humidity (RH during aerosol m
angles are determined clockwise starting from the North, i.e. 08 is 
In the paper, aerosol scattering properties are character-
ized by scattering coefficient at light wavelength of 550 nm,
b, and Ångström exponent, AE, of the scattering coefficient
spectrum b(l) representing the slope of the scattering coef-
ficient spectrum in a log-log scale:

bðlÞ ¼ bðl0Þe�AE; (5)

where l0 is a selected wavelength, usually l0 = 1 mm resolu-
tion. In this work, AE was estimated using linear fitting in log-
log scale for the spectral range of 450—700 nm. In this paper,
we discuss hourly means of b and AE.

4. Results and discussion

4.1. Air-mass advection and meteorological
conditions during measurement period

The campaign periods of 2014 and 2015 differ distinctively in
both advection directions and meteorological conditions. In
2014, air masses from northern Greenland, the Canadian
Arctic Islands and the Arctic Ocean dominated in the atmo-
spheric boundary layer (trajectory arrival height of 500 m
over the station) over both Hornsund and Kongsfjorden
(Fig. 2) with 9 August 2014 (221) as an exception when the
Kongsfjorden
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air-mass back-trajectories led from the vicinity of Nova
Zemlya over the Arctic Ocean to Kongsfjorden.

In 2014 meteorological conditions in both fjords did not
change significantly during the experiment (Fig. 3). During
the campaign, wind speeds, v, in both fjords were
typically < 5 m s�1 with values slightly higher in Hornsund
than in Kongsfjorden. In Hornsund v exceeded 5 m s�1 during
the analyzed time period. Wind directions (at 10 m) close to
the main axis of the fjords dominated regardless of the
direction of winds in the free troposphere. Hornsund
stretches from West to East, while Kongsfjorden lies along
a NW-SE direction. This was reflected in dominant wind
directions: E and W in Hornsund and from E, ESE and N in
Kongsfjorden. Relative humidity (RH) fluctuated around 80%
with a negative trend. The RH fluctuations were stronger in
Hornsund than in Kongsfjorden. In Hornsund RH > 90% was
observed on 26 and 27 July 2014 (207 and 208) and RH < 70%
on 31 July (212); in Kongsfjorden on 9 and 10 August 2014
(221 and 222).

In 2015 advection patterns were more variable (Fig. 2).
From 25 to 27 July (206—208) the air masses over Hornsund
came from the Arctic Ocean with the exception of the short
period on 26 July (207, 0 UTC) when the trajectory originated
over the Siberian coast, near the Taymyr and Yamal Peninsu-
las. Starting on 27 July (208) the advection pattern began to
gradually change. On 27 (208, 12 UTC) and 28 July (209,
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Figure 4 Time series of total aerosol concentration from the par
Kongsfjorden in 2014 and 2015: LAS (Nt LAS, particle radius range: 0.09
and aerosol effective radius (re) computed on the basis of the parti
0 UTC) the trajectories lead from the vicinity of the Taymyr
Peninsula, went around Spitsbergen from the north side and
reached Hornsund from the south-east. From 28 July (209,
12 UTC) to 29 July (210, 0 UTC) Hornsund was under inflow
from the Barents Sea. After that, the air masses from the
Siberian coast affected the Spitsbergen area. Six-day trajec-
tories originated near the Taymyr Peninsula, passed Nova
Zemlya and reached Hornsund from the south. Starting from
30 July (211) air masses from the Arctic Ocean near the
Chukotka Peninsula and Alaska advected to Hornsund, cross-
ing the Taymyr Peninsula. The air mass movement was fast
and the air reached Hornsund from the east. This circulation
pattern was also observed for Kongsfjorden and continued up
to 4 August (216, 0 UTC) at which time the trajectories
gradually shortened, indicating slower air-mass movement,
and reached Kongsfjorden from the southwest (4 August, 216)
and south (5 August, 217). On 6 August (218), Kongsfjorden
was influenced by local air masses from the Greenland Sea.
On 7 August (219), the air masses arriving over Kongsfjorden
again originated over the Taymyr Peninsula. Loops on the
trajectories indicated that the advection was associated with
low pressure systems. Starting from 8 August 220) to the end
of the measuring period, the air masses in Kongsfjorden
advected from the Greenland Sea.

Meteorological conditions in Hornsund in 2015 were more
dynamic than in 2014 (Fig. 3). During the measuring cam-
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ticle counters used during the measurements in Hornsund and
—7.5 mm) and CSASP (Nt CSASP, particle radius range 0.5—47 mm),
cle counters' measurements (Eq. (4)).
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paign, winds from the East (Hornsund) and ESE (Kongsfjor-
den) dominated. From 28 July to 1 August (209—213) strong
eastern winds occurred (with their speed greater than
10 m s�1) in Hornsund. However, wind speed was <5 m s�1

throughout the whole Kongsfjorden's part of the campaign.
The advection from Siberia was also associated with small RH
values. From 30 July to 1 August (211—213) RH < 60% (Horn-
sund) was observed. In Kongsfjorden RH < 60% was found on
3 August (216).

4.2. Aerosol size distribution observations

Table 1 presents total aerosol concentration characteristic
for each particle counter, such as mean aerosol concentration
M0, mean standard deviation, minimum and maximum values
for each fjord and the whole period of measurements. Addi-
tionally, basic aerosol size distribution parameters are pre-
sented such as zero moment M0 (mean aerosol concentration,
Eq. (1)), first moment M1 (Eq. (2)) and the mean particle
diameter (Eq. (3)). Fig. 4 presents time series of total aerosol
particle concentrations from all three particle counters.

During the campaign in 2015 for the CSASP size range of
measurements higher total aerosol particle concentrations
were observed in both fjords. For Hornsund, the mean con-
centration values were 2.9 cm�3 in 2014 and 7.4 cm�3 in
2015. A similar situation was observed in Kongsfjorden but
with smaller differences. Furthermore, in Hornsund the
medium particle diameter was higher than in 2015 (where
values changed from 3.07 mm in 2014 up to 3.50 mm in 2015).
In Kongsfjorden the situation was opposite to Hornsund,
smaller particles dominated in 2014 (Dp varied from
3.55 mm in 2014 up to 2.82 mm in 2015). The case was
different for smaller particles measured using the LAS. M0

in 2015 were lower than in 2014 for both fjords. The mean
diameters of particles in Kongsfjorden were larger by
approximately 0.7 mm.

4.3. Aerosol optical properties observations

In 2014 during both parts of the cruise very low black carbon
concentrations in the atmosphere was recorded, with mean
BC concentrations lower than 8 ng m�3, and low scattering
coefficient b(550 nm) (�2—3 Mm�1). Low values of these
parameters were associated with dominant western advec-
tions (Fig. 2). Fig. 5 shows the time series of these properties.
The measurements reveal that local aerosol generation from
the fjord surface or marine aerosol advection from the sea in
the vicinity of Spitsbergen have a significant impact on
aerosol optical properties for both fjord regions during the
2014 campaign. This is indicated by a considerable correla-
tion between AE and b(550 nm) (R = �0.58 and �0.51 in
Hornsund and Kongsfjorden respectively) and between AE
and v (R = �0.42 and �0.54). A high positive correlation
coefficient between the scattering coefficient and the effec-
tive radius of aerosol particles (R = 0.55 and 0.84 in Hornsund
and Kongsfjord respectively) also suggest that an increase in
aerosol scattering is caused by large particles. All the corre-
lation coefficients showed in this paper are statistically
significant at the level of 0.001. The measurements per-
formed during the campaigns did not allow us to observe
any impact of RH on aerosol optical properties. Even though
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ambient RH was high enough to affect particle size, and thus
the scattering coefficient, RH in the nephelometer chamber
was below 57%, so the impact of RH on measured b(550 nm)
can be deemed negligible or small during the fjord periods of
both AREX campaigns.

In 2015, variability in aerosol optical properties was
mainly caused by smoke advection. Distinct periods of ele-
vated BC concentrations and scattering coefficient were
observed in both fjords, which caused increased values of
the mean aerosol scattering coefficient and BC concentra-
tions. Correlation between b and BC was high in both Horn-
sund (R = 0.76) and Kongsfjorden (R = 0.79). It must be noted,
however, that the simultaneous occurrence of large BC values
and high wind speeds in Hornsund strengthened this correla-
tion for Hornsund. Elevated BC and b(550 nm) values
occurred during fast advection of air masses from the Siber-
ian coast and the Arctic Ocean near the Chukotka Peninsula
and Alaska. Smoke brought by this advection could come from
fires occurring at that time in Canada (near the Great Slave
Lake) and in Alaska (https://firms.modaps.eosdis.nasa.gov/
firemap/). They could also be remnants of smoke from strong
forest fires in Canada from the beginning of July, still present
in the Arctic atmosphere. Moreover, during the fjord stage of
the AREX 2015 campaign, fires were also reported in Siberia
(Yamalo-Nenetskiy Avtonomyy Okrug — northern part of the
West Siberian Plain, and on the Chukotka Peninsula). The
elevated BC concentration and scattering coefficient lasted
from noon on 30 July to 5 p.m. on 4 August (211—216).
Further in this paper, this period is referred to as “advection
period” or “smoke advection period”. The periods with small
values of BC and b are referred to as 'background'. When the
ship was in Hornsund in 2015, the background period lasted
from 25 July to 29 July (206—210). It was also observed from
8 to 9 August 2015 (220—221) during the ship's stay in
Kongsfjorden. Measurements from 2014 were also treated
as “background” measurements.

During the smoke advection period in 2015 the respective
mean values (�standard deviation) of BC, b(550 nm) and AE
were 56.6 � 24.2 ng m�3, 17.08 � 5.70 Mm�1 and 0.96
� 0.32 in Hornsund, and 67.5 � 21.2 ng m�3, 12.16
� 2.86 Mm�1 and 1.55 � 0.19 in Kongsfjorden. In spite of a
lower BC concentration in Hornsund than in Kongsfjorden,
the scattering coefficient was higher in Hornsund. This was
due to high winds in Hornsund during the smoke advection
period (up to 15 m s�1). When the ship moved to Kongsfjor-
den the wind speed decreased drastically (v < 4 m s�1). A
considerable contribution of sea spray aerosol in Hornsund
are indicated by high correlation coefficients: R = 0.47 for b
versus v, �0.61 for AE versus b. Outside the advection period
(background period), BC, b and AE values in both fjords were
similar to each other and comparable with values measured
in 2014 (Table 2).

https://firms.modaps.eosdis.nasa.gov/firemap/
https://firms.modaps.eosdis.nasa.gov/firemap/


Table 2 Means and standard deviations of aerosol scatter-
ing coefficient (b), Ångström exponent (AE) and black carbon
concentration (BC) measured in Hornsund (H) and Kongsfjor-
den (K) during the 2014 and 2015 AREX cruises. The index “s”
stands for “smoke advection” and “b” means “background”
periods. Both periods are defined in Section 4.3.

Nephelometer AE-31

b(550 nm)
[Mm�1]

AE BC [ng m�3]

H 2014 3.10 � 1.83 0.78 � 0.64 7.7 � 7.8
H 2015 10.20 � 8.26 0.77 � 0.37 31.9 � 31.4
K 2014 2.12 � 1.16 0.92 � 0.57 6.9 � 6.0
K 2015 7.02 � 4.67 1.20 � 0.42 29.1 � 23.2
H_s 2015 17.08 � 5.70 0.96 � 0.32 56.6 � 24.2
K_s 2015 12.16 � 2.86 1.55 � 0.19 67.5 � 21.2
H_b 2015 3.29 � 2.51 0.53 � 0.24 4.8 � 4.6
K_b 2015 3.73 � 1.97 0.92 � 0.38 10.5 � 7.3
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4.4. Long-range advection and local aerosol
generation — their impact on aerosol optical
properties

A typical approach in the study of aerosols over oceans is to
relate aerosol properties, e.g. b or AE, to wind speed being a
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Figure 6 Dependency of aerosol scattering coefficient b(550 nm
represented by wind speed, and smoke advection in 2015. H and K de
“s” stands for “smoke advection” and “b” means “background”, i.e.
proxy of local aerosol generation (e.g. O'Dowd et al., 2010;
Smirnov et al., 2003; Vaishya et al., 2012). However, the
measurements performed in the Kongsfjorden and Hornsund
fjords show that the effects of advections should not be
neglected in such relationships even in remote Arctic sites.
Fig. 6 compares the impacts of marine aerosol generation,
represented by wind speed, and smoke advection on b and AE
in Hornsund and Kongsfjorden during the AREX 2015 cam-
paign. In Fig. 6, “H” and “K” stand for Hornsund and Kongsf-
jorden respectively, and indices “s” and “b” denote smoke
advection and background periods. Separate plots are given
for measurements from the interior of the respective fjord
(regions 2 and 3 defined in Fig. 1) and the fjord mouth and the
adjacent ocean area (region 1). The low-wind (v < 5 m s�1)
background values of b for the fjords were the same inside
Hornsund and Kongsfjorden (subregions 2 and 3; 3 � 1 Mm�1).
In Kongsfjorden the smoke advection caused an increase in
scattering coefficient by about 10 Mm�1 with respect to the
non-advection period (an increase to 12.8 � 3.0 Mm�1). This
difference is statistically significant at the level of
0.05. Given a nearly constant b with v within the range of
0—10 m s�1, we may assume a similar increase in b in Horn-
sund due to smoke advection alone during that period.
Further increase in b, up to 30 Mm�1, was due to marine
aerosol generation and was observed when wind speeds
exceeded 10 m s�1. Smoke advection also influenced AE,
causing its statistically significant increase from AE = 1.05
� 0.22 to AE = 1.49 � 0.19 in Kongsfjorden (subregions 2 and
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3; v < 5 m s�1). A similar value of an increase in the Angstrom
coefficient is also expected in Hornsund (from 0.53 � 0.14 to
about 1.00). Given the limited data the impact of wind
speeds on AE cannot be precisely determined in the fjords.
However, based on Fig. 6, AE seems to be less sensitive to
local wind generation than to smoke advection.

Measurements performed in the fjords in 2015 reveal
that long-range advection can considerably affect optical
properties of aerosols in the Arctic. Further, negligence of
its impact may lead to false conclusions. An example is
shown in Fig. 6. A negligence of advection impact would
result, for example, in a false, positive correlation between
AE and v for Hornsund. This is because the smoke advection
occurred simultaneously with strong winds in Hornsund and
the smoke and marine aerosol had the opposite impact on
AE. While the presence of fine smoke particles increased AE
by about 0.5—1, the coarse mode sea spray aerosols
reduced it. When the impact of the smoke aerosol on AE
dominates, we obtain a positive correlation coefficient
between v and AE.
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4.5. Spatial variability of aerosol properties in a
fjord

The last issue addressed in this paper is the dependence of
aerosol optical properties on the location of the sampling site
in a fjord. For this purpose, three subregions were selected in
both Hornsund and Kongsfjorden (Fig. 1): the mouth of a given
fjord and the adjacent ocean area (subregion 1), the central
part of the fjord (subregion 2) and the innermost part of the
fjord including lateral fjords (subregion 3). Measurements
from subregion 3 are expected to be most affected by the
land surrounding a given fjord, while the measurements from
region 1 should be closest to oceanic conditions. Measure-
ments from region 2 can be treated as representative of a
given fjord. Furthermore, for each fjord we selected cases of
meteorological conditions for which measurements were per-
formed in all the fjord subregions. For Hornsund, the following
cases were selected: the smoke advection period with winds
from the fjord interior (N-E-S wind directions; 350—1708) and
v within the range of 11—13 m s�1 (Hornsund, case 1) as well
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as winds from the fjord interior (N-E-S; Hornsund, case 2) and
the ocean (S-W-N 170—3508; Hornsund, case 3) with
v < 4 m s�1 during the background periods in 2015 and in
2014. Wind speeds less than 4 m s�1 ensure a lack of local
aerosol generation in the fjord. The cases selected for Kongsf-
jorden are as follows: smoke advection with winds from the
fjord interior (NNE-SSW, 20—2208) with v < 4 m s�1 (Kongsf-
jorden, case 1) as well as background periods (2014 and 2015)
with wind speeds < 4 m s�1 and wind directions from the fjord
(Kongsfjorden, case 2) and ocean (Kongsfjorden, case 3).
Additionally, within each case the data was divided into
subcases with respect to the direction of air mass advection
to a given fjord, just before the air mass reached the fjord.
The mean values of BC, b and AE for each case and each sector
are shown in Fig. 7. Locations of points for each case in the
plot are in agreement with the geographical position of the
respective fjord subregions, i.e. from east (subsection 1,
leftmost point) to west (subsection 3, rightmost point).

For all the Hornsund cases an increase in AE is observed in
the inner part of the fjord with respect to the fjord mouth
while BC and b usually decrease (cases 1 and 2 for BC, and
1 and 3 for b). The differences between the respective values
for subregion 1 and 3 are statistically significant at the level
of 0.05. In Kongsfjorden, BC increases moving from the fjord
mouth to its innermost part (all cases) while for b and AE the
changes are less pronounced. Moreover, in Hornsund the main
differences between the optical properties of aerosols are
found for the central and inner parts of the fjord; in Kongsf-
jorden the largest differences were typically observed
between subregion 1 (the fjord mouth and the adjacent
ocean) and the central part of the fjord (subregion 2).

In the case of the fast advection along a fjord axis (Horn-
sund case 1, easterly winds; 30 July, 211 day of the year, to
1 August, 213) relatively strong gradients in aerosol optical
properties were observed. The scattering coefficient
decreased from the outside of the fjord to the innermost part
of the fjord (from 19 to 10 Mm�1), while AE increased (from
0.83 to 1.46) indicating the smaller contribution of coarse
mode marine aerosols inside the fjord at the time. The
differences in b and AE between subregions 1 and 3 are
statistically significant at the level of 0.05. In Hornsund similar
tendencies were also observed in the cases of weak winds
(v < 4 m s�1) regardless of their direction (cases 2 and 3),
especially in the case of advection from the north (grey
diamonds in Fig. 7). The separation of data with respect to
advection direction indicates that gradients of aerosol proper-
ties in Hornsund largely depend on the direction of large scale
wind fields in the vicinity of the fjord with respect to the axis
of the fjord (compare subcases of case 2 and 3 for Hornsund). It
must be remembered, however, that the measurement in
different parts of the fjords and in different fjords we not
performed simultaneously; they are displaced in time with
respect to each other. Moreover, the number of measurements
is very limited and the time period of the measurements is very
short. Therefore, the results presented in this section must be
treated as preliminary. The problem requires further study.

5. Conclusions

The temporal variability in physical properties of aerosols
observed during the AREX 2014 and AREX 2015 campaigns was
much higher than the differences between the Hornsund and
Kongsfjorden fjords. Outside the smoke advection period in
2015, BC, b and AE values in both fjords were similar to each
other. The mean values of the aerosol characteristics ana-
lyzed in this study are given in Tables 1 and 2 for each of the
fjord and different periods.

The important factor influencing aerosol conditions during
the AREX 2014 and 2015 campaigns was the generation of
marine aerosols. This conclusion is supported with high cor-
relations between the Angstrom exponent AE and scattering
coefficient b, and between AE and wind speed.

In 2015, an episode of smoke advection was observed in
both fjords causing an increase in BC concentrations from 7—
12 ng m�3 to about 60 ng m�3, and scattering coefficient
from 2—4 Mm�1 to 12—17 Mm�1. Its significantly increased
BC concentration, b and AE values in both fjords (compare
Table 2).

Under certain conditions statistically significant gradients
in aerosol optical properties were observed along the fjord
axis reflecting an impact of mountains surrounding the fjord
on aerosol distribution in a fjord. In Hornsund, a statistically
significant increase in the Ångström exponent and reduction
in the scattering coefficient were found (moving from the
fjord mouth and adjacent ocean to the fjord innermost
regions) for fast easterly advection of biomass burning aero-
sol (wind speed in the fiord of 11—13 m s�1) and northerly
advection (wind speed in a fjord of <4 m s�1) (compare
Fig. 7).

In Hornsund the main differences between the optical
properties of aerosols were found for the central and inner
parts of the fjord; in Kongsfjorden the largest differences
were usually observed between subregion 1 (the fjord mouth
and the adjacent ocean) and the central part of the fjord
(subregion 2).

In this study we show complexity of phenomena influen-
cing spatial variability of aerosol properties such as orogra-
phy or meteorological conditions. However, these
phenomena need further comprehensive studies.
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